INTRODUCTION
Corneal curvature (CC) is an ocular biometric parameter that measures the steepness of the cornea. Abnormalities of the CC is related to clinically important diseases such as corneal astigmatism and keratoconus (1) . Moreover, CC is also a key determinant of refractive error and myopia (2) .
Both family and twins studies have shown that CC has highly heritability; 48-95% of interpersonal CC variation is due to genetic factors (3, 4) . However, limited work has been done † These authors contributed equally to this work. * To whom correspondence should be addressed at: 20 College Road, The Academia, Level 6, Discovery Tower, Singapore 169856, Singapore. Tel: +65 65767277; Fax: +65 62252568; Email: ching-yu_cheng@nuhs.edu.sg in seeking for genetic variants that influence CC. A few genomewide association studies (GWASs) have been conducted. In our previous meta-analysis of GWAS in Singaporean Asians, common variants in MTOR (also known as FRAP1) and PDGFRA were identified as possible markers for CC. The association of PDGFRA was later confirmed in two independent cohorts of European ancestry in UK (5) and Australia (6) . In addition to its influences on CC, PDGFRA was associated with corneal astigmatism and ocular axial length (AL) (5, 7) , and was thus regarded as a regulatory gene of cornea shape and eye size. However, neither of the two European studies replicated the association of MTOR.
In this study, we conducted a GWAS meta-analysis of CC in 7440 multiethnic Asians and recruited three more cohorts (including 2473 Chinese and 2747 Japanese) in the current analysis to discover new genetic loci for CC in Asians.
RESULTS

Genome-wide association discovery
The amounts of genomic variants across the cohorts in the postquality controls (QCs) SNP array data ranged from 496 611 to 940 294. The 1000 Genomes imputation data contain 38 million genomic variants. However, the amounts of variants available for meta-analysis remained some 7 million after the postassociation QC (Table 1) .
Of the eight cohorts across Stages 1 and 2, the maximal inflation factor was 1.017, and Stage 1 meta-analyzed results had an inflation factor of 1.000, indicating there was no obvious confounding in our analysis ( Table 1 ). The quantile-quantile (Q-Q) plot showed strong departure from the null hypothesis of no association between the genomic variants and CC measurements. This trend persisted to some extent, even after we removed the variants near the known associated loci, MTOR and PDGFRA (Supplementary Material, Fig. S1 ). With the Stages 1 and 2 cohorts alone (n ¼ 9913), we have 74 or 99% power to detect the variants that explained 0.5 or 1% of phenotype variance.
The GWAS meta-analysis in Stage 1 revealed three loci with genome-wide significance (genomic controlled P ≤ 5 × 10
28
, Fig. 1 ). Of these, MTOR and PDFGRA have been known to be associated with CC (5, 6, 8) . We calculated the linkage disequilibrium (LD) using the ASN panel (CHB, JPT and CHS) of 1000 Genomes Phase 1 haplotypes. The index SNP near MTOR gene, rs74225573, was in LD (r 2 ¼ 0.87; D ′ ¼ 0.93) with the known index SNP rs17036350, so was the index SNP near PDFGRA gene rs1800813 with the known index rs2114039 (r 2 ¼ 0.68; D ′ ¼ 1). In addition, we identified one novel genome-wide significant loci near CMPK1 (rs60078183, P ¼ 7.1 × 10
29
, Fig. 1 and Table 2 ).
Replication
In Stage 2, in addition to the three index SNPs at the two known loci and CMPK1, we further selected five index SNPs with P , 5 × 10 26 for replication, including rs17103186 at CMPK1, rs2280823 at ARHGEF10, rs117523291 at 8q22.3, rs11204213 at RBP3 and rs7183510 at SNRPN gene. In addition to rs60078183, rs17103186 at the CMPK1 loci was followed up because it was directly genotyped across all the cohorts in Stage 1.
The associations of SNPs in MTOR, CMPK1 and RBP3 with CC were further validated in Stage 2 (P , 0.001 in Stage 2 and P , 5 × 10 28 in meta-analysis of Stages 1 and 2; Table 2 ), the direction of effects being consistent with those in Stage 1. However, the association of the index SNP rs1800813 in PDGFRA was not significant in Stage 2, despite in the same direction with a smaller effect. Nevertheless, this SNP remained genome-wide significant in the meta-analysis of Stage 1 and Stage 2 (P ¼ 7.5 × 10 29 ). The regional association plots of the four genome-wide significant loci are presented in Figure 2 . Unfortunately, the associations of index SNPs in the other three loci (ARHGEF10, 8q22.3 and SNRPN) were either not significant (P . 0.05) or in the opposite direction (rs7183510 at SNRPN) in Stage 2.
The novel associations of CMPK1 (rs17103186) and RBP3 (rs11204213) with CC were further strongly supported in Stage 3 (both P , 0.001). The meta-analysis P-values of the Stages 1, 2 and 3 together were 3.3 × 10 212 and 1.1 × 10 213 , respectively ( Table 2 ). The major allele of the index SNP at CHR, chromosome; BP, position based on GRCh human genome build 37; N, the number of individuals with valid information at each locus; EAF, effect allele frequency; StdErr, the standard error of the effect. The effect sizes were based on the normalized CC values. The cytoband location is presented since there is no gene in the 1 Mb region around the index SNP.
CMPK1 and the minor allele of the index SNP at RBP3 were associated with increased radius of CC.
Conditional association analysis at the indicated loci
With the aim of identifying any secondary association signal at each indicated locus, we conducted conditional association tests adjusted for the allele dosage of the most significant index SNP at each locus. Meta-analysis of Stages 1 and 2 conditional association results did not reveal any secondary signal at the four associated loci (Supplementary Material, Fig. S2 ).
CC variance explained by SNPs
The explained phenotype variance was first estimated from genome-wide imputation data. Since no secondary signal was found in the four indicated loci, we also used the most significant index SNPs of the identified loci to estimate the phenotypic variance explained by the genetic variants. Overall, the index SNPs at the four indicated loci explained 1.9% of CC variance across the Stages 1 and 2 cohorts, while 33.8% of CC variance was explained by the genome-wide imputation data (Supplementary Material, Table S1 ). Hence, the identified loci explained 5.5% of the genome-wide SNP heritability. We further estimated the variance explained by the two novel index SNPs in Stage 3. CMPK1 rs17103186 and RBP3 rs11204213 explained 0.25 and 0.26% of CC variance in this stage.
Associations with AL, corneal astigmatism and spherical equivalent
We further evaluated the effects of CC-associated variants on other clinically related ocular traits, including AL, corneal astigmatism and spherical equivalent (SE) in the study cohorts involved in Stages 1 and 2. The PDGFRA index SNP (rs1800813) was significantly associated with corneal astigmatism (P ¼ 2.6 × 10
26
, Supplementary Material, Table S2 ). This was consistent with the previous report by Fan et al. (7), although the reported index SNPs were not the same. The identified CC SNPs in the CMPK1, PDGFRA and RBP3 loci showed some evidence of association with AL (P , 0.05), but none of them were significantly associated with SE, inferring that these SNP are likely 'eye size'-determining variants, rather than 'refractive error'-determining variants.
Gene-and pathway-based analysis
In the gene-based test, we tested 23 436 genes from the HUGO Gene Nomenclature Committee (HGNC; http://www.genenam es.org). A total of five loci were identified genome-wide significantly (defined as P gene based , 2.2 × 10
25
, see Materials and Methods for details) associated with CC (Supplementary Material, Table S3 ). Of them, four were consistently with the results of SNP-based analysis. Moreover, we identified one more locus, WNT7B to be marginally associated with CC (P gene based ¼ 2.0 × 10
). We further scanned 4850 pathways/gene sets from the curated gene sets in the Molecular Signatures Database (MSigDB v4.0, http://www.broadinstitute.org/gsea/msigdb/ index.jsp). None of these pathways was significantly associated with CC (all P pathway . 2.1 × 10
).
DISCUSSION
In this GWAS meta-analysis of CC in 12 660 Asians, we identified two novel loci, CMPK1 and RBP3 for CC, and provided further supportive evidence for the two previously known loci, MTOR and PDGFRA. Although the association of MTOR has not been replicated in non-Asian populations, our Stage 2 cohorts, which were not involved in our previous meta-analysis (8) , strongly supported this association (P ¼ 8.8 × 10
26
). Our power to discover associations with weak effects was enhanced by imputation up to the 1000 Genomes cosmopolitan reference panel. The most significant hit near CMPK1 was rs60078183, which was not present in HapMap panels. In fact, it was the only genome-wide significant hit near CMPK1 in Stage 1. The association of CMPK1 and CC was further supported by the evidence from rs17103186, which was directly genotyped across the three stages in this study.
A common missense SNP rs11204213 in exon 2 of RBP3 gene was associated with CC for the first time. It possesses a larger effect as compared with other SNPs in this study (Table 2) , and explained 0.5% of the trait variance. rs11204213 is an East Asian specific mutation with the minor allele frequency (MAF) found to be 0.045 in 1000 Genomes ASN panel but 0.001 in EUR panel (only one minor allele was found in 758 individuals of European ancestry). It was genotyped by SNP array in the SP2-1M cohort in Stage 1 and the Nagahama study in Stage 3, and was imputed with high confidence in other cohorts included in the meta-analysis of this SNP. The imputation quality ranging from 0.73 to 0.92 across the meta-analyzed cohorts. In SINDI (Indians), rs11204213 was imputed with low confidence and frequency (score_info ¼ 0.46, MAF ¼ 0.004), and thus SINDI was excluded from the meta-analysis of this SNP. The association of RBP3 gene with CC was strongly supported by our Stage 3 result. As a result, we validated the associations of the common variants at the two novel loci with CC in over 10 000 individuals.
Furthermore, RBP3 gene was also significantly associated with AL in our analysis. Each copy of the rare allele rs11204213-T significantly increased AL by 0.24 mm. This effect is, again, apparently larger than those of other SNPs in previous studies (9, 10) . Taking together, RBP3 gene correlates strongly with CC and AL and thus may be involved in the development of eye size and shape.
In contrast, our results showed that the PDGFRA gene was also associated with corneal astigmatism, but not with AL. This suggests that the effect of PDGFRA on ocular biometrics lies in the irregularity of the cornea, and not the length of the eyeball.
We investigated the tissue-specific expression spectrum of RBP3 in human and mouse by querying tissue-specific gene expression databases, TiGER (Supplementary Material, Fig. S3 ) (11) and TISGED (12) . Data showed that RBP3 gene was specifically expressed in human eyes and mouse retina. The specificity measurement of RBP3 expression in TISGED was 0.99. Interestingly, the expression level of RBP3 gene has been found to be tuned down in the early stage of diabetic retinopathy (13), indicating the potential role of RBP3 in protecting against the neuroretinal degeneration.
RBP3 (retinoid-binding protein 3) was believed to be expressed specifically in retina, and is responsible for the transportation of retinoid between retinal pigment epithelium and photoreceptors (14, 15) . In human, rs11204213 induces the amino acid change of Val884Met, a residual in the third module among the four tandem homologous modules. Protein sequence blast (Supplementary Material, Fig. S4 ) revealed that the amino acid 884 is homologous to the 863 amino acid in Xenopus lavis RBP3 protein. The prediction of the threedimensional structure (http://raptorx.uchicago.edu/) of the third module illustrated clearly the position of this amino acid in the 3D structure. Unfortunately, it is not located in the putative retinoid-binding site (Supplementary Material, Fig. S5 ) (16) . Moreover, the mutated protein amino acid sequence did not disrupt the predicted protein folding (data not shown).
Using Encyclopedia of DNA Elements data (17) and HaploReg (18), we identified variants in LD with the index SNPs (r 2 . 0.8 in the 1000 Genomes ASN individuals) within each of the identified CC loci and applied functional annotations relevant to the regulation of transcription (Supplementary Material, Table S4 ). The index SNP (rs17103186) at the CMPK1 locus lies in a region with potential regulatory activities, such as DNase I hypersensitivity, modification of histone marks and binding of transcription factors, and the missense index SNP of RBP3 (rs11204213) is located within a DNase I hypersensitive site, thus suggesting their roles in regulating transcription.
All the genes we identified in SNP-based association analysis were further supported by the gene-based association analysis (Supplementary Material, Table S3 ). WNT7B was also marginally associated with CC in our gene-based analysis; however, there has been little evidence of this gene's connection with eye development or ocular diseases in the literature.
In conclusion, our study discovered two novel genes associated with CC in Asian populations and expanded our knowledge of genetic factors underlying this ocular trait associated with important clinical diseases such as corneal astigmatism and myopia. In addition to the statistical evidences from .12 000 samples, the top SNP of RBP3 leads to a missense mutation and the gene has eye tissue-specific expression and may be the potential targets of the functional studies in the future. Moreover, the missense RBP3 SNP has larger effects on CC and AL, as compared with other SNPs. This may be of particular interest in the growth of eyeball or the development of related phenotypes such as myopia.
MATERIALS AND METHODS
Study design
We performed a three-stage meta-analysis (Table 1) . In Stage 1, we conducted a trans-ethnic GWAS meta-analysis in four Asian cohorts (SP2, SiMES, SINDI and SCORM), which involved 7440 individuals, comprising 3178 Chinese, 2138 Malays and 2124 Asian Indians. Although individuals in SCORM were school children while the other cohorts were adults, previous studies supported the stability of CC from an early age (19) , and the distribution of CC in SCROM was similar to the adults in the other cohorts ( Table 1 ). The positive associated signals of P ,5 × 10 26 from Stage 1 were brought forward for replication in two independent cohorts (STARS and SCES) in Stage 2, comprising 2473 Chinese individuals. In Stage 3, we further tested the index SNPs at the novel loci which were replicated in Stage 2, in 2747 Japanese from the Nagahama study, using the SNP array genotypes. Overall, this GWAS meta-analysis included 12 660 Asian individuals, comprising 5651 Chinese, 2747 Japanese, 2138 Malays and 2124 Asian Indians. The detailed study descriptions are presented in Supplementary Material. All participant studies were population based.
Phenotype measurement and definition
All participating cohorts used similar protocols for keratometry and other ocular biometric measurements. The protocols have been described in detail elsewhere (7, 9) . In brief, in STARS, SiMES, SCES and SINDI, the horizontal and vertical radii of CC, as well as AL were determined using a non-contact partial coherence laser interferometry (IOLMaster, Carl Zeiss Meditec AG, Jena, Germany). Refraction in all cohorts and CC in SP2 and SCORM subjects were measured with an Auto Ref-Keratometer (RK-5 Autorefractor Keratometer; Canon Inc., Tokyo, Japan). For SCORM subjects, A-scan ultrasound biometry (Echoscan US-800, Nidek Co, Tokyo, Japan) was employed for the measurement of AL. AL measurement was not available for SP2. For SiMES, SCES and SINDI, samples were excluded if they have undergone a cataract surgery before.
Both AL and CC were reported in millimeter. Corneal power in diopters was calculated as 337.5 divided by CC in mm. Corneal astigmatism was calculated as the difference in corneal cylinder power between the flattest and steepest meridians. SE was calculated according to the standard formula (SE ¼ sphere + 1/2 cylinder, in diopter). Corneal astigmatism cases were defined as those who have corneal cylinder power difference ≤ 20.75 D, while controls were defined as corneal cylinder power difference between 20.75 and 0 D. The means of CC, SE, AL and corneal cylinder power from individuals' two eyes were used for analysis, while the means of the readings from one eye were used when the readings from another eye is unavailable.
SNP array genotyping and QC
We genotyped total 3072 SiMES, 2953 SINDI, 1952 SCES and 1451 STARS individuals using Illumina HumanHap 610Quad arrays (San Diego, CA, USA). For SCORM, 1116 samples were genotyped on Illumina HumanHap 550Duo array. For SP2, 1467 samples were genotyped on the HumanHap 610Quad (SP2-610), 1016 samples on the HumanHap 1Mduov3 (SP2-1M) and 535 samples on the HumanHap 550Duo (SP2-550). For this study, genotyping in the Nagahama study was done using Illumina HumanOmni2.5M Arrays.
We performed strict QC (7, 9) . SNPs that cannot be mapped to the forward strand of Genome Reference Consortium human genome build 37 (GRCh37) or have inconsistent allele/position with the variant annotation of the 1000 Genomes Project Phase 1 (March 2012 release) were removed. Within each cohort, a preliminary SNP QC was conducted to keep the high-quality SNPs for the successive sample QC. We removed the monomorphic, non-autosomal and poorly called (missing rete . 5%) SNPs, as well as those showed significant Hardy -Weinberg Equilibrium (HWE; P ≤ 10
26
). The sample QC was based on the remaining SNPs. We removed samples of high missing rate (.5%), excessive heterozygosity, cryptic relatedness, discordant ethnic membership or discrepancy between the genetically inferred and clinically recorded gender information. Furthermore, we also excluded the STARS samples with .1% SNPs showing Mendelian error. We calculated the SNP quality metrics again on the basis of the post-QC samples. Finally, the SNPs were qualified with the same criteria as in the preliminary SNP QC.
Imputation
The 1000 Genomes Phase 1 haplotypes were inferred from the whole-genome/exome sequencing data of 1092 individuals from 14 populations around the world (20) . To increase our chance to detect the association signals, we imputed the missing variants for all the participant studies separately using the cosmopolitan reference panel. Specifically, the imputation was done in a pre-phase strategy. The SNP array genotype data of each study were split into 22 autosomes and phased into haplotypes by SHAPEIT version 2.644 (21) . To facilitate parallel computation, the haplotypes were divided into chunks of 2500 SNPs with 250 buffer SNPs at each flank. The indels on Illumina HumanHap 1M Duo array were also included in these chunks. Finally, the chunks were imputed up to the reference panel by minimac (2012-11-16 release) (22) . The imputation resulted in over 38 million variants.
SNP-based association testing and meta-analysis
Within each cohort, CC was normalized by the rank-based inverse-normal transformation in the aim to minimize the effect of different measure methods among these studies. The quantitative normalized CC values and raw AL and SE values, as well as the binary case -control status of corneal astigmatism were tested for the association with SNP genotypes. The associations with SNP genotypes were evaluated using linear (for CC and AL) and logistic (for corneal astigmatism) regression analysis assuming additive effect models using SNPTEST (version 2.4.1) (23) . In the regression model, age and sex were included as covariates for analysis of CC, SE and corneal astigmatism, while age, sex, height and education level were included as covariates for AL. To minimize the confounding by population structure in each cohort, we calculated the principal components (PCs) using the post-QC common autosomal SNPs of MAF ≥ 0.01 (24) . Obvious population structures were found in SiMES (Malays) and SINDI (Indians), but not in the cohorts of Chinese ancestry (Supplementary Material, Fig. S6 and Table S5 ). Hence, we additionally adjusted the first five PCs for SiMES and SINDI in the regression models for CC and corneal astigmatism. The PCs included for AL were described previously (9) . Both post-QC SNP array genotypes and the imputed genotypes were tested, and we reported the association testing results using the SNP array data wherever available. The conditional analysis was done in a similar way, except adjusting for the allele dosage of the index SNP at each locus in addition.
In the meta-analysis of CC in Stages 1 and 2, we conducted a postassociation QC of the variants in each study. The variants of HWE P ≤ 1 × 10 26 , MAF , 0.01, call rate , 0.95 were excluded. The imputed variants of SNPTEST score_info ,0.5 were also excluded. We combined the association evidence across our cohorts by the fixed effect inverse-variance metaanalysis implemented in METAL (25) . The genomic control correction was applied by METAL to the test statistic before combining the results together (26) .
Gene-and pathway-based analysis
The gene-and pathway-based genome-wide association test was carried out using KGG version 2.5 (27, 28) . The SNP-based association P-values were genomic controlled and mapped to the genes in a putative list. SNPs within the 5 kb flanking regions of each gene were also considered as within the gene region. Gene-based P-values were calculated by the GATES algorithm as implemented in KGG software. A sequential Bonferroni-type procedure (29) was employed for multiple testing correction for 23 436 of the 32 630 genes from the HGNC, and genome-wide significance was defined as P , 2.24 × 10 25 by the software. The gene-based P-values were then taken forward to the pathway-based association analysis, in which the genes were grouped into predefined gene sets or pathways in the MSigDB database. The HYST algorithm in KGG was employed for pathway-based association analysis, and significance was defined as P , 2.08 × 10 25 (29) .
Explained phenotype variance
We calculated the proportion of the phenotype variance explained by the SNPs using GCTA version 1.24 (30, 31) . Within each cohort in Stage 1 and Stage 2, the explained variance was estimated using the restricted maximal likelihood method. The overall phenotype variance explained was calculated from a sample-size weighted average across all the cohorts. For the estimates in Stage 3, a linear regression model in R software (http://www.r-project.org) was employed.
